Abstract Patterned ground (PG) is one of the most evident expressions of cryogenic processes affecting periglacial soils, where macroscopic, repeated variations in soil morphology seem to be associated with small-scale edaphic and vegetation gradients, potentially influencing also microbial communities. While for high-latitude environments only few studies on PG microbiology are available, the alpine context, where PG features are rarer, is almost unexplored under this point of view. We followed a double approach, based on denaturing gradient gel electrophoresis (DGGE) and quantitative PCR (qPCR), in order to investigate microbial community composition and abundance of phylogenetic markers and functional genes (bacterial and archaeal amoA) within single PG features and among different sites from four areas in the Western Italian Alps, characterized by different lithotypes. Bacterial, archaeal, and fungal community composition was quite homogeneous within single features, with more differences among samples collected from different lithologies. The abundance of phylogenetic and functional markers was uniform at different sites, except for the highest altitude one showing the lowest bacterial, archaeal, and ammonia-oxidizing archaea abundance. Nevertheless, at a small-scale level, a concentric distribution of microbial markers was described within single features, paralleling soil chemical property trends. These first results support the hypothesis that microbial ecology in alpine, periglacial ecosystems is driven by a complex series of environmental factors, such as lithology, altitude, and cryogenic activity, acting simultaneously on community shaping both in terms of diversity and abundance.
Introduction
Patterned ground (PG) derives from cryogenic processes and represents one of the most spectacular expressions in periglacial landscapes. Cyclic soil freezing and thawing, accompanied by ice lens formation, leads to severe ground modifications, resulting in surface geometric patterns including circles, polygons, networks, or stripes. The presence of textural sorting, with stony areas alternated to soil and fine debris characterizes sorted patterned ground, while in nonsorted patterned ground, single features are defined by differences in ground relief or vegetation cover. In both cases, two domains are often recognizable: central parts of finer material or bare ground, more strongly affected by cryogenic processes, and peripheral areas, richer in stones and/or vegetation (Ballantyne 2013; Walker et al. 2008) . These macroscopic, repeated variations in ground morphology produce also small-scale gradients in physical and chemical soil properties, changing between centers and rims (Barrett et al. 2004; D'Amico et al. 2015; Michaelson et al. 2012; Wagner et al. 2005) . In this sense, single patterned ground features can be seen as small, ubiquitous model unities useful to investigate the effect of cryoturbation processes on soil evolution, plant colonization, and organic C accumulation and storage in geographically, climatically, and topographically diverse environments. In fact, patterned ground formation is widespread in high-latitude environments, such as polar or sub-polar Electronic supplementary material The online version of this article (doi:10.1007/s00374-016-1147-z) contains supplementary material, which is available to authorized users.
regions, but occurs also in alpine areas, in presence of permafrost or seasonal ground freezing conditions and favorable topographic conditions (Ballantyne 2013) .
Until now, several works recognized the presence of a strong interaction between soil processes and vegetation in patterned ground formation and functioning (D'Amico et al. 2015; Michaelson et al. 2012; Walker et al. 2008 ), but the effects on soil microbial properties are poorly known. Microorganisms are able to survive, grow, and be metabolically active in very harsh conditions, such as subzero temperatures, presence of ice, and freeze-thaw cycles (Margesin and Miteva 2011; Steven et al. 2006) . Moreover, they play key roles in weathering processes, pedogenesis, biogeochemical cycling, and plant colonization of permafrost soils and recently deglaciated areas, like glacier forefields (Bajerski and Wagner 2013; Jansson and Taş 2014; Nemergut et al. 2006) . Considering the impact of microbial communities on soil ecosystem properties, it is necessary to increase our comprehension of the role of microbial communities in a complex and dynamic pedoenvironment like patterned ground.
To date, only a limited number of studies considered patterned grounds from a microbial point of view, all referring to Arctic or Antarctic areas. In particular, several studies focused on polygonal soils, due to their large diffusion in tundra ecosystems and to their potential role in global methane production linked to the waterlogged, anoxic conditions affecting these soils. Differences in terms of community composition were described along depth gradients (Frank-Fahle et al. 2014; Wagner et al. 2005) , comparing central and marginal areas of single features (Wagner et al. 2005 ) and considering different polygonal soils (Frank-Fahle et al. 2014; Lawley et al. 2004) . Another line of investigation concerned patterned grounds along the North American Arctic Transect. Timling et al. (2014) and González et al. (2014) compared microbial communities in terms of biomass and fungal community composition in patterned ground features (PGFs) and adjacent vegetated soils (AVS) along a topographic and climatic gradient, detecting significant differences between PGF and AVS both in terms of microbial biomass and diversity, coherently with differential distribution of plant cover and soil properties already described (Walker et al. , 2011 . On a broader scale, they noticed that the hierarchy of environmental factors potentially involved in community shaping changes within the bioclimatic gradient. For instance, in more extreme environments, such as the higher latitude polar deserts, they found that disturbances linked to cryoturbation have smaller impacts on microbial biomass and community composition than at lower latitudes, resulting in limited differences between PGF and AVS. Conversely, topographic position, analyzed by González et al. (2014) by comparing dry, wet, and mesic zones, becomes a more important driver in warmer subzones.
While patterned ground landscapes are extensively distributed in Arctic and subarctic regions, in mid-latitude mountain ranges, their diffusion is limited to few areas characterized by flat surfaces, rapid snow removal by wind, and high water availability (Bockheim and Munroe 2014) . For this reason, the identification of sites suitable for the study of the combined action of climatic conditions and cryoturbation disturbances on soil microbial communities is rather complex. On the other hand, the presence of the same phenomenon replicated in sites geographically close to each other gives the opportunity to investigate the influence of other environmental drivers potentially involved in communities and ecosystem modelling, like altitude, parent material lithology, and soil properties. The parent material lithology, in particular, has a strong impact not only on the morphology of patterned ground features, due to the different resistance to ice-driven weathering, but also on soil chemical properties and plant colonization ). This suggests that also the composition and distribution of microbial communities might be influenced by these properties, as already reported for other cold ecosystems (Boyd et al. 2007; Larouche et al. 2012; Nyyssönen et al. 2014; Reith et al. 2015) .
With this study, we performed a preliminary investigation-the first, on our best knowledge-on microbial communities inhabiting patterned ground features in an alpine context, in terms of composition, overall diversity, and abundance. We chose four active patterned ground sites in the North-Western Italian Alps, developed on different lithotypes creating large gradients in chemical soil properties such as available nutrients and heavy metal contents. Our hypothesis was that, as for chemical soil properties and plant distribution, cryoturbation should have an impact also on microbial population, both in terms of biomass distribution and community composition. The intensity of this influence should be modulated by site-specific edaphic properties linked to parent material lithology. This work had thus three main objectives: (1) to give a first insight in the microbial ecology of a fascinating and previously almost unexplored ecosystem; (2) to describe and compare microbial diversity and distribution both at a small-scale, within single PG features, and among different sites; and (3) to define soil properties potentially involved in shaping microbial community composition.
Materials and methods

Sample collection
For this study, four active patterned ground areas, located in the Western Italian Alps and dominated by stripes, sorted, and nonsorted circles, were chosen. All areas were located in protected areas (Mont Avic Natural Park and Gran Paradiso National Park).
The different sites were characterized by different parent material (Table 1) : calcschists (CS site), serpentinite, and metamorphic gabbros, respectively, in SP and GB sites and frost-shattered gneiss at GN site. In CS and GB, the parent materials were enriched in small quantities of serpentinite derived from upslope areas.
For each site, one typical PG feature was examined in order to minimize the sampling impact on these ecosystems. Five surface samples (0-10 cm) were collected equally spaced along a north-south transect drawn across the circle/stripe. Hence, we obtained two external samples, taken from the stony/vegetated rims (N and S), one central sample (C) and two intermediate samples (NC and SC) , as shown in Fig. 1 . A total of 20 samples was obtained.
Sampling took place in late September 2012. In that period, nighttime air temperatures were expected to drop below freezing point, enhancing freeze-thaw cycling; below the sampled depth, in fact, the soils were completely frozen. All the samples were collected in the early afternoon, stored at 4°C in the field and during the transport and at −20°C in the laboratory prior to further analysis.
Climatic conditions of the study areas and morphological, mineralogical, and textural characteristics of PG soils, as well as vegetation type and distribution, are described in detail in D' Amico et al. (2015) . Soil chemical properties and percentage of vegetation cover, measured at each sampling point and reported in the same study, are summarized in Table 2 .
Soil DNA extraction
Total soil DNA was extracted from 0.5 g of soil samples using the FastDNA TM SPIN Kit for Soil and the FastPrep® Instruments (MP Biomedicals) in accordance with the manufacturer's instructions. Quantity, quality, and integrity of extracted DNA were evaluated using a NanoDrop ND-1000 spectrophotometer (Thermo Fischer Scientific) and agarose gel electrophoresis.
PCR-DGGE
Polymerase chain reaction (PCR) products for denaturing gradient gel electrophoresis (DGGE) were obtained by amplifying total bacterial and archaeal 16S rRNA genes and fungal 26S rRNA genes. While bacterial and fungal genes were amplified directly from the extracted DNA, a nested approach was followed for Archaea. Primer pairs were 357F-GC and 518R for bacteria (Muyzer et al. 1993 ), NL1 and LS2 for fungi (O'Donnel 1993; Cocolin et al. 2000) , A2F and 1492R and SaF-GC and PARCH519R for the first and second steps of archaeal PCR, respectively (Reysenbach and Pace 1995; Lane 1991; Nicol et al. 2003; Øvreås et al. 1997) . Primer sequences and reaction conditions are reported in Online Resource 1.
All PCR reactions were carried out in a DNAEngine® Peltier Thermal Cycler (Bio-Rad Laboratories) in a 25-μl reaction volume containing 1× reaction buffer (Bioline), 3 mM MgCl 2 , 0.02 bovine serum albumin (BSA), 0.2 mM of each dNTP, 0.4 μM of each primer, 1.25 U of BIOTAQ TM DNA polymerase (Bioline), and 2 μl of soil DNA diluted 1:10 in sterile DNase-treated water (Sigma). Second steps of nested PCR were performed without BSA, using 1 μl of the first step product as template.
DGGE was carried out as previously described by Webster et al. (2006) using a DCode TM Universal Mutation Detection System (Bio-Rad Laboratories), with a gradient from 30 to 60 %. Electrophoresis was run at 200 V for 5 h (with an initial 10 min at 80 V) at 60°C in 1× TAE buffer. Gels were stained for 30 min with SYBR® Gold nucleic acid gel stain (Invitrogen) and visualized under UV with an UVIpro Platinum Gel Documentation System (UVItec).
Reproducibility of DGGE profiles was tested by comparing PCR products obtained by using DNA extracted in triplicate from the same sample as template. Considering that good reproducibility was achieved, DGGE gels were organized in order to compare single samples within PG features and among different sites (Online Resource 2). DGGE bands recurrent at site level or shared among different sites were excised, incubated one night at −20°C, washed, and crushed in 10-20 μl of molecular-grade water. Supernatant (1 μl) was used as template and PCR was performed as above except for the elimination of BSA and the employment of modified linker-PCR archaeal and bacterial primers described in O' Sullivan et al. (2008) . PCR products were sequenced and searched for sequence similarities in the National Center for Biotechnology Information database using nucleotide Basic Local Alignment Search Tool (BLASTn) analysis (Altschul et al. 1990 ). Obtained 16S bacterial rRNA gene sequences were submitted to the European Nucleotide Archive (http://www.ebi.ac.uk/ena) under accession numbers LT613607-LT613635.
Quantitative PCR
The abundance of different phylogenetic markers and functional genes was estimated by real-time quantitative PCR (qPCR).
For standard curve construction, the reference genes were amplified from genomic DNA extracted from pure cultures of standard organisms: Lactococcus lactis subsp. cremoris for bacterial 16S, Methanococcoides methylutens for archaeal 16S, Saccharomyces cerevisiae for eukaryotic 26S, and N i t ro s o m o n a s e u ro p a e a f o r b a c t e r i a l a m m o n i a monooxygenase subunit A (amoA). PCR products were than Fig. 1 Sampling scheme on PG features. A north-south transect was drawn across the circles (or the stripe, at site SP) and five surface samples (0-10 cm), equally spaced, were collected: one central (C), two external (N and S), taken from the stony/vegetated rims, and two intermediate (NC and SC) purified with the PCRExtract Mini Kit (5 Prime), in accordance with the manufacturer's instructions, quantified by NanoDrop and used to prepare serial dilutions in moleculargrade water. Primer pairs used for standard preparation were 27F and 1492R for bacteria (Lane 1991) , S-D-Arch-0025-a-S-17 and 1517R for archaea (Vetriani et al. 1999 ), NL1 and LS2 for fungi (O'Donnel 1993; Cocolin et al. 2000) , and amoA-1F and amoA-2R for bacterial amoA genes (Mctavish et al. 1993) . Primer sequences and references for PCR conditions are reported in Online Resource 3, while master mix composition was as described above (excluding BSA).
Only for archaeal amoA gene, PCR products obtained by amplifying total DNA extracted from PG sample 2N with primer pair Arch-amoAF and Arch-amoAR (Francis et al. 2005) were pooled, purified, quantified by NanoDrop, serially diluted, and used for standard curve construction.
qPCR reactions were performed using a Chromo4 TM RealTime PCR Detection System (Bio-Rad Laboratories), and data were analyzed with the MJ Opticon Monitor software (version 3.1). Primer pairs were the same as for standard preparation, except for Bacteria and Archaea. The first were substituted by the pair 519F and 907R (Lane 1991; Muyzer et al. 1995) and the second by the pair S-D-Arch-0025-a-S-17 and S-D-Arch-0344-a-S-20 (Vetriani et al. 1999) . The PCR mixture contained 0.3 μM of each primer, 10 μl of SsoAdvanced TM SYBR® Green Supermix, and 2 μl of soil DNA diluted 1:10-1:100, in a total volume of 20 μl. Optimal DNA dilution was chosen in order to minimize inhibition problems linked to low A260/A230 ratio of extracted DNA. All the samples and the standards were analyzed in triplicate on PCR strip tubes (BioRad Laboratories) with the following thermal cycling conditions: 95°C for 30 s, followed by 40 cycles of 95°C for 30 s, annealing for 30 s, and 72°C for 1 min. Different annealing temperatures are reported in Online Resource 3. PCR specificity was verified by melting curve analysis. Standard curve R 2 value was always higher than 0.996, and all the reactions showed efficiencies higher than 70 %.
Statistical analysis
Statistical analysis was performed using R 3.0.1 software (R Foundation for Statistical Software, Institute for Statistics and Mathematics, Vienna, Austria).
Significant differences in gene abundance among different lithologies were checked by Brown-Forsythe one-way ANOVA combined with post hoc Games-Howell test and displayed as boxplots, using the userfriendlyscience package.
Microbial communities were grouped using cluster analysis (CA), average linkage agglomeration criteria, and Bray-Curtis dissimilarity algorithm. The best dissimilarity algorithm (Bray-Curtis) was selected according to the function rank index in the Vegan package (Oksanen et al. 2013) , which correlates many dissimilarity algorithms with a given gradient (in this case, soil-environmental properties). As the clusters were usually very well separated, their statistical significance was not checked.
Gradients in microbial community composition within the different patterned ground sites were observed using unconstrained ordination methods (NMDS, Kruskal (1964) , distance Bray-Curtis). The analysis was carried out with metaMDS within R vegan, using a Wisconsin double standardization and a maximum number of 100 runs to reach the best solution (two axes). To visualize relationships between microbial community composition and environmental parameters, the resulting NMDS biplot was interpreted using a post hoc correlation with significant soil and environmental parameters (function envfit).
Pearson's linear correlation coefficients were calculated for assessing significant relations between microbial abundance and environmental parameters.
Results
Community structure (PCR-DGGE)
Bacterial DGGE profiles showed a quite homogeneous community composition within single PG features, with more differences among the four sites (Online Resource 1). A pool of ubiquitous, brightly stained bands was clearly recognizable beside several site-specific, often weaker bands. Sequence analysis of excised bands highlighted the presence of at least seven different phyla (Proteobacteria, Actinobacteria, Verrucomicrobia, Acidobacteria, Bacteroidetes, Cyanobacteria, and Chloroflexi), with all the ubiquitous phylotypes belonging to Acidobacteria or Alphaproteobacteria (Table 3 ). Only two of the detected bacterial phylotypes detected were closely related to described bacterial species (>97 % sequence similarity), while the majority was related to uncultured bacteria previously found in soils or periglacial ecosystems. Cluster analysis confirmed the presence of distinct bacterial community composition at all the sites (Fig. 2) .
Archaeal DGGE profiles appeared more heterogeneous compared to Bacteria at a small-scale level, both in terms of band number and intensity, and few dominant bands recurred in samples collected from different sites (Online Resource 1). Archaeal community composition in PG sites separated in different groups, as indicated by cluster analysis. Only at SP site a separation between center and rims was detected (Fig. 2) . All the sequences obtained from excised bands belonged to Thaumarchaeota and showed 93-96 % of sequence similarity with Candidatus Nitrososphaera gargensis or Candidatus Nitrososphaera evergladensis. Nearly all the phylotypes were closely related to uncultured Archaea previously detected in high-altitude soils (as reported in Table 4 ) but also with DNA sequences retrieved from temperate agricultural and forest soils.
Our PCR-DGGE approach was able to detect only low fungal diversity. As for Bacteria, the main differences among profiles seemed to be linked to the site, rather than the position within PG features. Cluster analysis supported this interpretation, even if for GB and GN samples a clear separation has not been found. Sample 3N was excluded from the analysis due to the impossibility to obtain a clear DGGE profile (Fig. 2) . Only few sequences were obtained from fungal excised bands, including bands recurrent at site level, or shared among different sites, all corresponding to Ascomycota or Basidiomycota (Table 5) ; interestingly, four of them were strictly related (97-98 % similarity) to uncultured Ascomycota detected in PGs from North American Arctic by Timling et al. (2014) .
Microbial abundance
Microbial abundances were assessed by quantifying bacterial and archaeal 16S rRNA genes and fungal 26S genes with a qPCR-based method. Abundance of ammonia oxidizers was estimated by quantifying bacterial and archaeal amoA genes. Also total DNA concentration was considered as a proxy for biotic presence. Comparing samples from different lithologies, significant differences (P < 0.05) were only found for DNA, bacterial, and archaeal markers and for archaeal amoA genes (Fig. 3) . In general, lower abundances were reported for GN samples (average of 9.10, 6.31, and 6.67 Log copies per g of dry soil for Bacteria, Archaea, and AOA, respectively), while CS, SP, and GB showed similar values (average of 9.92-10.12, 6.69-7.57, and 7.21-7.87 Log copies per g of dry soil for Bacteria, Archaea, and AOA, respectively). Fungal marker abundance ranged from an average of 8.57 to 9.27 Log copies per g of dry soil, without significant differences among sites. Neither for bacterial amoA genes abundance, ranging from an average of 4.34 to 5.59 Log copies per g of dry soil, significant differences were detected. Comparing only functional genes, a predominance of archaeal over bacterial amoA genes, with AOA/AOB Log copies ratio ranging from 1.4 to 1.9, was detected in all the four sites. At a small-scale level, a slightly concentric variation was reported for all the phylogenetic markers: the abundance of bacterial and archaeal genes decreasing from the rims toward the center of single features in CS, GB, and GN and showing an opposite trend in SP and fungal markers reaching the highest values in intermediate positions (Fig. 4) . Also DNA concentration followed a similar trend, decreasing from the rims to the center in CS, GB, and GN and from the center to the rims in SP. No clear repeated patterns were described observing the distribution of AOA and AOB markers within single PG features. The only recognizable trends were a concentric decreasing of AOB in GB and AOA in GN or the north-to-south decreasing of AOB in GN and AOA in SP.
Discussion
We performed a preliminary survey, in order to explore the composition and abundance of microbial communities inhabiting patterned ground features developed on lithologically distinct sites in a mid-latitude alpine environment. A molecular approach combining PCR-DGGE (community structure analysis) and qPCR (quantitative analysis) was applied, targeting bacterial, archaeal, and fungal phylogenetic markers. Moreover, in order to focus on microbial-driven processes affecting these ecosystems, the functional gene ammonia-monooxigenase was included in the quantitative analysis. Both bacteria (AOB) and archaea (AOA) ammonia oxidizers drive the first and rate-limiting step of nitrification. Their use as process indicators provides important information due both to their function and to differential response to environmental factors influenced by their diverse ecological niches (Prosser and Nicol 2012) .
DNA-targeting techniques do not discriminate the active from the total population and the presence of highly resilient extracellular DNA and DNA deriving from dead cells may lead to a biased view of the ecosystem ecology (Pietramellara et al. 2009 ). Moreover, PCR-DGGE approach allows to perform a Fig. 2 Cluster analysis of DGGE profiles obtained for bacterial, archaeal, and fungal PG communities (site 1 = CS; 2 = SP; 3 = GB; 4 = GN), based on Bray-Curtis dissimilarity algorithm comparison among samples at Blow resolution,^compared to metagenomic sequencing. However, the objective of this work was to investigate the long-term influence of cryoturbation and edaphic properties on soil microbial community shaping. In this sense, the data obtained provided exhaustive information about the overall microbial complexity, the more represented groups, and evidenced the ecosystem properties possibly involved in shaping and influencing the community.
Overall, the composition of bacterial communities found on these patterned ground features results quite similar to those described in more detail on alpine soils (Nemergut et al. 2005) or in other periglacial landscapes like polygonal (Wilhelm et al. 2012) , or glacier forefields (Bajerski and Wagner 2013) , in accordance with Delmont et al. (2014) that showed how similar habitats may lead to the development of communities with similar composition. The presence of phylotypes belonging to at least seven different phyla indicates quite complex bacterial communities. Among primary producers, phototrophic Cyanobacteria and Alphaproteobacteria families including chemolithotrophic and chemoorganotrophic organisms (Bradyrhizobiaceae, Rhodospirillaceae, Hyphomicrobiaceae) were detected. Moreover, in all the sites, several Acidobacteria-related phylotypes were found. The ability to grow at low nutrient conditions and tolerate variations in soil humidity often characterize Acidobacteria (Ward et al. 2009 ), giving a potential explanation for their ubiquity in the examined patterned Fig. 3 DNA concentration and abundance of bacterial and archaeal 16S rRNA genes, fungal 26S rRNA genes, and archaeal and bacterial amoA genes in the four sites. Different letters indicate significant differences (P < 0.05) among sites according to Games-Howell post hoc test ground ecosystems. Finally, the presence of at least one representative of Bacteroidetes in all the sites suggests that these communities can host also a group of degraders of complex substrates (Nemergut et al. 2005) .
Archaea showed lower differentiation, with all the investigated phylotypes belonging to Thaumarchaeota division. Considering that Thaumarchaeota includes all known archaeal ammonia oxidizers, this result is also consistent with the high abundance of amoA gene copies, which exceed their bacterial analogues in all the samples. Similar situations are quite common in different ecosystems, particularly in acidic soils (Prosser and Nicol 2012; Qin et al. 2013; Tian et al. 2014; Xu et al. 2012) , and has been reported by Frank-Fahle et al. (2014) for polygonal tundra. Nevertheless, the same study pointed out a clear predominance of methanogens, not detected in this study. Previous studies highlighted the importance of waterlogging, common phenomenon affecting polygonal soils, in driving permafrost microbial community composition (Ollivier et al. 2014 ). However, the study sites present quite different characteristics, in terms of water content, 12-28 % (unpublished data), from those reported for high-latitude patterned ground ecosystems. Therefore, the predominance of aerobic phylotypes over anaerobic is not surprising and could indicate a relevant role of Thaumarchaeota in influencing N availability in mid-latitude PGs.
In terms of archaeal sequences, the presence of identical sequences (100 % similarity) in our samples and in both cold or rock-associated ecosystems and temperate agricultural and forest soils might suggest the cosmopolitan nature of at least a part of the community.
In general, analysis of bacterial, archaeal, and fungal phylogenetic markers revealed a quite homogeneous community composition within single PGF, without a clear separation between samples collected from the vegetated rims and the central, nearly bare soil portion. This is also coherent with the results that Timling et al. (2014) obtained for fungal phylogenetic markers investigating patterned grounds in the northernmost bioclimatic subzone of the North American Arctic Transect.
Differences in community composition were related more consistently to the sampling site than to the position across the PGFs. Also the NMDS analysis (Fig. 5) , performed on the average band distribution of all the phylogenetic markers, supported this separation among sites, pointing out the main parameters (data from D' Amico et al. 2015) involved in site differentiation and, potentially, in shaping the composition of microbial community (Table 6 ). For instance, the GN site was located at the highest altitude and was characterized by highest P content and exchangeable Ca/Mg ratio. Conversely, high levels of exchangeable Mg and Ni fitted with the SP community; CS sites were mainly characterized by high levels of Ca, while GB communities were correlated with intermediate levels of most soil parameters. This seems to suggest that in this mid-latitude, alpine context parent material lithology can Fig. 4 Distribution of different biological markers within single PG features in the four sites: DNA concentration, bacterial and archaeal 16S rRNA genes, fungal 26S rRNA genes, and archaeal and bacterial amoA genes be a strong driver for microbial community differentiation in terms of community composition, overcoming the effect of strong, small-scale gradients in edaphic properties produced by cryoturbation and patterned ground development. The importance of parent material lithology on composition of microbial communities has been described in a variety of different ecosystems, like soils (Reith et al. 2015) , continental crystalline crust (Nyyssönen et al. 2014) , pristine aquifers (Boyd et al. 2007) , and arctic streams (Larouche et al. 2012) . D'Amico et al. (2015) , analyzing the same study sites, reported a similar vegetation diversity pattern, with a lack of differentiation between rims and centers, and a strong separation of plant communities developed on different matrixes. Therefore, parent material lithology and the associated soil chemical properties, plant colonization, and microbial community composition seem to be strictly linked.
Quantitative analysis, performed by qPCR, presents a different picture. In fact, microbial abundance resulted quite homogeneous among different sites. The only one showing significantly lower abundances (in terms of Bacteria, Archaea, AOA markers, and DNA) was GN site. This is probably linked to the lower temperatures, associated to highest altitude, which affects also total vegetation cover (D'Amico et al. 2015) .
Conversely, some interesting patterns appear by comparing samples within single features. In particular, concentric trends reported for bacterial, archaeal, and fungal markers, as well as for total DNA concentration, on sites CS, GB, and GN are coherent not only with vegetation cover but also with the small-scale variation of chemical properties, organic C, and nutrient content (D'Amico et al. 2015) . For instance, TOC, N, and exchangeable bases decreased from the rims to the centers, in parallel with microbial abundances, while pH, possibly also affecting microbial activity, showed an opposite trend. This distribution has already been reported for Arctic patterned grounds (González et al. 2014; Timling et al. 2014) , where higher levels of microbial biomass were found in vegetated rims if compared with patterned ground features. However, one of the four sites did not follow this scheme. In Fig. 5 NMDS ordination of the four sites (1 = CS; 2 = SP; 3 = GB; 4 = GN), based on DGGE profiles (for each sampling point, information obtained from archaeal, bacterial, and fungal profiles were combined). Vectors show the direction and strength of environmental variables fact, archaeal, bacterial, and total DNA abundances showed a different trend in SP site, increasing-or remaining nearly constant, for bacteria-from the rims toward the center of the sorted stripes, despite an opposite trend of plant cover and contents of organic C and nutrients. SP site strongly differs from the others for the high exchangeable Ni concentration, which increases from the center toward the rims. Therefore, in this case, it is possible that Ni toxicity becomes the prevalent driving factor in microbial distribution across the features, overwhelming the effect of other chemical properties. An inverse correlation between microbial biomass and respiration and Ni content has been observed in subalpine forest soils in the same area by D'Amico (2009). Finally, exploring more in detail the relationships existing between microbial abundances and soil chemical parameters (Table 7) , Bacteria showed the highest number of significant correlations with different chemical properties (vegetation cover and contents of Ca, Mg, K, TN, and TOC and C/N). On the other hand, Archaea abundances only correlated with the soil C/N but correlated to all the microbial markers except for bacterial amoA. Similar situations have been previously reported for alpine forest soils (Siles and Margesin 2016) and for tundra soils (Blaud et al. 2015) , with bacterial abundance following chemical soil properties trend, and archaeal abundance independent from them. However, in those cases, all the microbial markers resulted positively correlated to each other, suggesting an indirect action of environmental parameters on the whole microbial population. In our case, we can hypothesize that, despite the presence of a bacterial population apparently more sensitive to variations in substrate composition, Archaea seems to represent the link among the different microbial domains and so the real keystone of the ecosystem. Moreover, considering that Thaumarchaeota seems to represent an important portion of archaeal community in this ecosystem, the low level of correlation with any environmental parameter but C/N, reported for both archaeal and AOA markers, could be linked to the wide ecophysiological potential of this group, including not only autotrophy but also mixotrophy and heterotrophy lifestyles (Pester et al. 2011; Prosser and Nicol 2012) . Concerning fungal abundances, the only correlation with soil properties was found with C/N. Nevertheless, the presence of a unique intra-feature distribution in gene abundance repeated in all the sites suggests the presence of other factors, not considered here but suitable for further investigations, driving fungal distribution, such as organic matter composition and quality.
Conclusions
With this work, we obtained information about the overall complexity of the community and the more represented microbial groups, giving a preliminary insight in a previously unexplored ecosystem like alpine PG. Our results seem to indicate that Archaea and, in particular, Thaumarchaeota seem to play a key role in ecosystem coordination end functioning, suggesting this domain as a target for further, more detailed investigations.
In terms of ecological drivers, if micro-topographic heterogeneity produced by cryogenic processes seems to influence microbial distribution within PG features in terms of abundance, it has no clear effects on community composition. Conversely, lithology might strongly influence community composition but has not evident effect on overall microbial abundance, which is probably more linked to other variables, like altitude and temperature conditions. Only in the serpentinite sampling site it is possible to hypothesize an indirect influence of lithology on small-scale microbial abundance distribution: in fact, the presence of a gradient in heavy metals, produced by cryogenic processes, affects microbial distribution determining opposite trends with respect to all the other parent materials.
In conclusion, our results offer a picture quite in accordance with previous studies focused on Arctic PGFs, adding lithology to the complex hierarchy of controls modulating the effect of cryoturbation on soil microbial communities.
Further studies are needed in order to assess how the investigated drivers impact on community diversity and its potential metabolic activity. Moreover, an RNA-based analysis would allow to compare not only spatial but also seasonal or daily community variations, giving more insights on the real ecosystem functioning in relation to temperature variation and exposition to freeze-thaw activity.
